Abstract.-Several recent estimates of global biodiversity have concluded that the total number of species on Earth lies near the lower end of the wide range touted in previous decades. However, none of these recent estimates formally explore the real "elephant in the room", namely, what proportion of species are taxonomically invisible to conventional assessments, and thus, as undiagnosed cryptic species, remain uncountable until revealed by multi-gene molecular assessments. Here we explore the significance and extent of so-called "hyper-cryptic" species complexes, using the Australian freshwater fish Galaxias olidus as a proxy for any organism whose taxonomy ought to be largely finalized when compared to those in littlestudied or morphologically undifferentiated groups. Our comprehensive allozyme (838 fish for 54 putative loci), mtDNA (557 fish for 605 bp of cytb), and morphological (1963-3389 vouchers for 17-58 characters) assessment of this species across its broad geographic range revealed a 1500% increase in species-level biodiversity, and suggested that additional taxa may remain undiscovered. Importantly, while all 15 candidate species were morphologically diagnosable a posteriori from one another, single-gene DNA barcoding proved largely unsuccessful as an a priori method for species identification. These results lead us to draw two strong inferences of relevance to estimates of global biodiversity. First, hyper-cryptic complexes are likely to be common in many organismal groups. Second, no assessment of species numbers can be considered "best practice" in the molecular age unless it explicitly includes estimates of the extent of cryptic and hyper-cryptic biodiversity. (May 1988; Scheffers et al. 2012) . Given this great array of methodologies, target scenarios, and assumptions, it comes as no surprise that estimates of global species counts for eukaryotes have varied >50-fold, from a low of around 2 M to a high of over 100 M . Consequently, there has been much contention, particularly over some of the more extreme estimates (e.g., Erwin's methodology based on rainforest insects; see e.g., Erwin 1982; Erwin 1991; Gaston 1991; Stork 1999; ØDegaard 2000; Hamilton et al. 2010) .
Whenever biologists contemplate the big questions in systematics, they usually include one of the most fundamental of all, namely "How many species are there on Earth?". Many have provided their best-guess estimates, with some targeting all life forms (Chapman 2009 ), others restricting themselves to eukaryotes (Scheffers et al. 2012; Costello et al. 2013) , protists (Pawlowski et al. 2012) or prokaryotes (Curtis et al. 2002) , and still others focusing on single prominent groups (e.g., arthropods, Basset et al. 2012; fungi, O'Brien et al. 2005; spiders, Platnick 1999 ) and biomes (marine vs. terrestrial, Mora et al. 2011; Appeltans et al. 2012; Costello et al. 2012; benthos, Grassle and Maciolek 1992) . These estimates typically employ various combinations of empiricism and theory, and reflect a range of approaches that build from what is known (or thought to be known) via various multiplying factors (May 1988; Scheffers et al. 2012) . Given this great array of methodologies, target scenarios, and assumptions, it comes as no surprise that estimates of global species counts for eukaryotes have varied >50-fold, from a low of around 2 M to a high of over 100 M . Consequently, there has been much contention, particularly over some of the more extreme estimates (e.g., Erwin's methodology based on rainforest insects; see e.g., Erwin 1982; Erwin 1991; Gaston 1991; Stork 1999; ØDegaard 2000; Hamilton et al. 2010) .
Despite this diversity in focus group and methods, two common themes often lie at the core of most "how many species" (HMS) estimates. First, key reference groups that are comparatively well-known taxonomically (e.g., birds, butterflies, all vertebrates, all plants in Britain etc.; May 1988; Stork 1999; Dolphin and Quicke 2001) are nominated to serve as the foundation for extrapolating outwards to all other groups, regions, or biomes under scrutiny. Second, various "rate of taxonomic discovery" plots are used to predict when and where plateaus are likely to occur for the X (time) and Y (number of species) axes. Importantly, implicit in these themes are two underlying assumptions, namely (1) our existing taxonomic knowledge of the key reference groups is a reasonably accurate reflection of the real situation and thus not itself a major unknown in the HMS process; and (2) the ease of species discovery only reflects extrinsic factors (e.g., the number of taxonomists, funding levels for taxonomy) rather than itself decreasing over time, as species counts approach plateaus.
Given their central importance to HMS estimation, these assumptions deserve to be critically examined across a range of organismal groups and biomes. Here we explore one phenomenon that arguably challenges the legitimacy of both assumptions, namely that of the "hyper-cryptic" species complex. These are defined herein as any taxon currently regarded as a 2014 ADAMS ET AL.-HYPER-CRYPTIC COMPLEXES AND GLOBAL BIODIVERSITY 519 single "species" or any related group of taxonomically confused "species", that in reality consists of a "large" number of valid but undiagnosed species. For convenience, we have arbitrarily defined "large" to reflect any increase in species-level biodiversity including and beyond a 4-fold increase (i.e., one "species" becomes four or more valid species; four named "species" in a complex together comprise 16 or more valid species etc.). More importantly, our definition specifically excludes the phenomenon of "taxonomic inflation", whereby extra species are recognized under a rigid application of the phylogenetic species concept (Isaac et al. 2004 ). Instead, we have used a more conservative, total-evidence approach, based on reproductive isolation and/or diagnosability at multiple, independent, nuclear genes (including of course genes that influence morphology, Frankham et al. 2012; Hammer et al. 2013) . Moreover, while this approach is best characterized as the "unified species concept" (de Queiroz 2007) , all of the candidate taxa identified herein are valid species under most other "primary" species concepts (Hammer et al. 2013) , including the morphological (all taxa), biological (all sympatric combinations), and evolutionary (all taxa) concepts.
Some might contend that hyper-cryptic species are just a more extreme case of the now well-established phenomenon of cryptic species (morphologically similar species that remain undiagnosed, sensu Bickford et al. 2007 ; often confused with the term "sibling species", which we and others (Bickford et al. 2007) prefer to employ for near-relatives, regardless of comparative morphology). We will argue, drawing on the results of a detailed molecular and morphological investigation on a widespread "species" of Australian freshwater fish, that novel considerations emerge when the number of undiagnosed species within a species complex goes beyond a small number (herein a 15-fold increase). Moreover, we believe that focusing on the prevalence and extent of cryptic species is necessary in any case, because most assessments of planetary biodiversity either do not address the issue (May 1988; Erwin 1991; Stork 1993; Mora et al. 2011; Costello et al. 2012) or underplay its significance (Stork 1999; Costello et al. 2013) .
Several recent, high-profile HMS assessments have concluded that planetary eukaryote species counts are more likely to be at the low end of the 2-100 M range (Chapman 2009; Mora et al. 2011; Appeltans et al. 2012; Costello et al. 2012; Costello et al. 2013 ). However, none explicitly acknowledge that "cryptic biodiversity" (sensu Beheregaray and Caccone 2007) is likely to prove a major impediment to the rate of taxonomic discovery, nor do they explore future scenarios in which nextgeneration DNA sequencing might greatly facilitate the taxonomic splitting of single "morphospecies" into their component evolutionary species (Emerson et al. 2011) . In stark contrast, many studies have pointed to the prevalence of cryptic species (Bickford et al. 2007; Scheffers et al. 2012) , and their broad distribution across most organismal groups and biomes (Pfenninger and Schwenk 2007; Pawlowski et al. 2012 ). Further reflecting this trend, the yearly number of published studies that refer to cryptic or sibling species is maintaining the exponential increase noted by Bickford et al. (2007) since the late 1980's ( Supplementary Fig. S1 ), fuelled by current and expected advances in next-generation DNA sequencing technologies (Lemmon and Lemmon 2013) and in the phylogenetic analysis of multi-gene sequences (Song et al. 2012 ). Thus we suggest the time has come for all future HMS assessments to fully acknowledge the elephant in the room (an animal that, befittingly, has its own complex taxonomic history of between two and nine species, Laursen and Bekoff 1978; Shoshani and Eisenberg 1982) .
Despite their disparity in scope, a general consensus is evident across HMS studies that there ought to be far less taxonomic uncertainty (and therefore fewer hypercryptic complexes) in organismal groups that are (1) multi-cellular; (2) well-studied taxonomically; (3) of large body size, with many assessable morphological features; (4) located in temperate rather than tropical regions; (5) common and readily accessible to collectors; and (6) found in affluent nations with an established taxonomic infrastructure and workforce. Under these criteria our target species, the mountain galaxias, Galaxias olidus Günther, 1866 (Teleosti: Galaxiidae), clearly merits a comparatively low probability of being hyper-cryptic (Fig. 1) .
Mountain galaxias are found throughout the temperate southeastern portion of mainland Australia (Fig. 2) , where they are widely distributed throughout numerous river basins, spread across 4 of the country's 12 drainage divisions (AWRC 1976) . A small to moderatesized fish (average size 60-80 mm, maximum 140 mm; Allen et al. 2002) , G. olidus displays a wide range of morphotypic forms ( Supplementary Fig. S2 ) and occupies a variety of habitats, from large lowland rivers to small, high-altitude streams (altitudinal range 50->2000 m). As befitting a prominent inhabitant of one of the most accessible and studied freshwater ecosystems in Australia, mountain galaxias have been subjected to a number of taxonomic revisions since 1866 (reviewed by Raadik 2011) . These have variously resulted in the recognition of between one and six species. Importantly however, the most recent revision, coauthored in 1981 by a world authority on galaxiid taxonomy, concluded that all mountain galaxias belonged to one morphologically variable species (McDowall and Frankenberg 1981) .
The revision of McDowall and Frankenberg (1981) has been largely followed in all subsequent relevant publications (Allen 1989; Allen et al. 2002; Hoese et al. 2006; Humphries and Walker 2013) , with one interesting exception. Many populations of mountain galaxias have suffered extirpation or considerable decline since European settlement, reflecting its occurrence throughout the most intensively populated and freshwater-regulated region of the country (Tilzey 1976; Raadik 2011) . While this process has afflicted many regions and morphotypic forms, it has been particularly severe on one of the most distinctive forms, the barred galaxias (originally described as Infrastructure of host nation(s) undeveloped developing developed FIGURE 1. Summary of major factors influencing the extent to which a species or species group is likely to be hyper-cryptic or harbor cryptic biodiversity. Our study species, G. olidus, would receive a relatively low ranking for most factors (shown underlined), compared to a large proportion of the planet's other "species". FIGURE 2. Map indicating the broad geographic distribution of G. olidus sensu McDowall and Frankenberg (1981) and the location of all sites surveyed in the allozyme study. Legend: large circles = sites included in the allozyme study; small dots = additional sites for which either morphological vouchers or ethanol-only tissues were examined. Mack 1936) , leading most workers to follow the precautionary principle and recognize it as a valid species (Raadik et al. 1996; Allen et al. 2002; Humphries and Walker 2013) .
G. fuscus
This study has three broad aims. First, it introduces the concept of hyper-cryptic complexes and explores the concept in our target species G. olidus. Second, it hypothesizes that hyper-cryptic complexes are common across many organismal groups and likely to be extremely common in those groups that make up the base of the pyramid of planetary biodiversity. Finally, it advocates that future HMS assessments take into account the reality of hyper-cryptic complexes in particular and cryptic biodiversity in general. 
METHODS
Sampling Tissues and morphological vouchers were collected over a 5-year period (2001) (2002) (2003) (2004) (2005) by comprehensively surveying 1187 sites across all rivers in southeastern Australia known or likely to harbor mountain galaxias (Fig. 2, Supplementary Table S1 ). All retained specimens (n = 9740) were ethically euthanized using a solution of clove oil in water (Adams et al. 2011) . Representatives of every morphotypic form at a site (usually only one, sometimes two, rarely three) were snap-frozen whole in liquid nitrogen for future genetic analysis, and the remainder fixed in formalin for subsequent morphological analysis. This contemporary sampling provided the majority of specimens used in the molecular appraisals and a significant proportion of the vouchers used in the detailed morphological assessments. Additional tissues were obtained from the South Australian Museum's frozen tissue collection, and a large number of older museum vouchers were examined to confirm that morphological diagnoses based on contemporary vouchers could also be employed retrospectively. Sample sizes for the allozyme, mtDNA, and morphological components of this study are shown in Table 1 , as are the taxon codes employed for the 15 candidate species. Maps were generated using the open source GIS software Quantum GIS, version 1.8.0 (http://qgis.org/).
Allozyme Analyses
A range of molecular data sets can now be employed to provide the type of nuclear genetic markers required to assist with species delineation (Hammer et al. 2013) . Of these, the five most widely used are allozymes, microsatellites, nuclear DNA sequences (nDNA), SNPs (single nucleotide polymorphisms), and AFLPs (amplified fragmented length polymorphisms). In this study we ruled out all but one data-type as either being too variable or hypervariable for wholesale species delineation (microsatellites and SNPs; Frankham et al. 2010; Hammer et al. 2013) , not comprising simple, codominant markers (nDNA sequences, AFLPs), or too expensive (nDNA, SNPs). As a consequence, we chose allozyme markers as the primary means of identifying taxa. Allozyme analysis has a long and successful history of delineating species (Avise 1975; Richardson et al. 1986; Hammer et al. 2007 ). In the hands of experienced practitioners, the technique can rapidly provide a genetic assessment across a large number (> 50) of independent genetic markers, each displaying codominant and biparentally inherited alleles. Moreover, allozyme markers can readily detect instances of hybridization and/or introgression (both common phenomena among congeneric fishes; Vespoor and Hammar 1991) and thereafter identify the likely parental taxa (Bertozzi et al. 2000; Adams et al. 2011) .
Allozyme electrophoresis of muscle homogenates was undertaken on cellulose acetate gels following the methods of Adams et al. (2011) . The following enzymes or non-enzymatic proteins were successfully surveyed: ACON, ACP, ADA, ADH, AK, ALD, AP, CA, CK, ENOL, FDPASE, FUM, GAPD, GDA, GLO, GOT, GP, G6PD, GPI, GSR, IDH, LDH, MDH, ME, MPI, NDPK, NP, PEPA, PEPB, PEPD, PGAM, 6PGD, PGM, PK, SOD, SORDH, TPI, and UGPP. Details of enzyme/locus abbreviations, enzyme commission numbers, electrophoretic conditions, and stain recipes are presented elsewhere (Richardson et al. 1986; Hammer et al. 2007 ). Genetic markers are best suited for delineating candidate species when individuals are used as the unit of analysis (Horner and Adams 2007) . However, efforts to use the Bayesian clustering programs STRUCTURE, GENELAND, and STRUCTURAMA to define candidate taxa using the multi-locus data set for individuals were unsuccessful, for two predictable reasons. First, our sample sizes per site (mean = 2.4; range = 1-8) are too small to provide the statistical power needed to define populations from first principles. Second, these programs identify populations based on their constituent individuals conforming to HardyWeinberg expectations across all loci, an attribute rarely displayed by any taxonomic units beyond the level of population, let alone those occurring in highly fragmented freshwater habitats (Hammer et al. 2013 ).
Instead we used the multivariate clustering procedure of Principal Coordinates Analysis (PCoA; Gower 1966) to identify cohesive genetic groups among individuals, independent of other a priori considerations of locality, mtDNA haplotype, morphology, or ecology. PCoA is most powerful when employed in a stepwise fashion that is, starting with all individuals and thereafter progressively restricting follow-up analyses to those subsets of individuals clearly defined by diagnostic differences at multiple allozyme loci from one another in previous PCoAs. This approach is especially necessary when there are more than a handful of genetically similar taxa, because well-defined genetic clusters often overlie one another in the first few dimensions of the initial PCoA, despite being readily distinguishable in deeper dimensions (Georges and Adams 1992; Horner and Adams 2007) . Importantly, follow-up PCoAs are undertaken on every primary and secondary genetic group thus diagnosed, until there remains no evidence of further diagnosable taxa using the nominated criteria for inferring species-level differences. To further confirm the integrity of all putative taxa, stepwise PCoAs were also undertaken on the individuals occurring in each of three regions, namely "northern", "central", and "western" (defined in Supplementary Table S1).
Our two genetic criteria for delineating candidate species in this study were (1) major differences ( p > 50%) in allele frequency at n ≥ 5 allozyme loci for PCoAdefined groups in full or partial sympatry, or (2) fixed or "near-fixed" differences (the latter allowing a cumulative tolerance of 10% for any shared alleles per locus, Adams et al. (2013) ) at multiple allozyme loci for PCoA-defined groups in allopatry. Given the decreased analytical power inherent in working with smaller sample sizes, we set the minimum number of fixed/near-fixed differences required to two for a combined n ≥ 20, and to three for a combined n < 20. Ultimately, most candidate species were diagnosable from one another at many more than these minimum numbers of loci. The operational details of stepwise PCoA are presented in Hammer et al. (2007) .
Once all individuals had either been assigned to candidate species (n = 828) or flagged as having a putative hybrid ancestry (n = 10), the overall genetic affinities among "pure" species were depicted in a NJ network, constructed from a pairwise matrix of unbiased Nei's D values (procedures detailed in Adams et al. 2013) .
Morphological Analyses
Given the sheer number of sites surveyed and individuals collected, it was not practicable for the primary field collector (Raadik) to sample the same fish for both genetic and morphological analysis. Consequently, all morphological vouchers were assigned to an allozymically defined candidate taxon on the basis of (1) being collected at the same site and time; and (2) possessing the same external morphotype as the individuals used for the genetic determination of each taxon. While clearly not the ideal scenario, the only likely bias introduced by this protocol would be to underestimate the true number of species, as could occur if a rare and sympatric novel species was not selected in the allozyme analyses plus remained morphologically cryptic after taxonomic reappraisal. Data for individuals of suspected hybrid ancestry (i.e., all vouchers from populations identified allozymically as containing putative hybrids) were excluded from all analyses.
A total of 29 morphometric, 17 meristic, and 12 "supplementary" morphological characters were used to reappraise the morphological affinities of the candidate species identified by allozyme profiling. Summaries of all characters are provided in Supplementary Text 1 and full details of all characters are presented in Raadik (2011) . A range of univariate analyses were initially undertaken on each individual data set to identify outliers and to determine which characters were likely to be taxonomically informative for pairwise combinations of candidate species. Thereafter, the multivariate procedure of Principal Components Analysis (PCA; Pearson 1901), using the covariance matrix, was used to assess morphological diagnosability separately for the meristic and morphometric data sets. PCAs were conducted both on the entire data set and on all pairwise combinations of candidate species.
Where pairwise PCA failed to unequivocally discriminate two candidate species (i.e., taxon ellipses overlapped in the first three dimensions), the data were subjected to pairwise Discriminant Functions Analysis (DFA; Fisher 1936) . Here, taxa were considered morphologically distinctive and diagnosable when DFA correctly classified 80% or greater of individuals to the appropriate taxon. In the three instances where classification success was < 80% (always due to one or both taxa being geographically widespread, and hence exhibiting considerable within-taxon variation), a further DFA was conducted on a reduced "regional" data set, which consisted only of those individuals from the catchment(s) most proximate to one another. All statistical analyses were undertaken using SPSS 15.0.0 and R, version 2.8.1 (R Development Core Team 2009). More detailed summaries of the univariate and multivariate procedures are presented in Supplementary Text 2 and full details are contained in Raadik (2011) .
MtDNA Analyses
A large mtDNA barcoding component was included in this study to (1) compensate for the inability of the allozyme data set to provide detailed phylogenetic and phylogeographic insights among and within candidate taxa; (2) provide an independent assessment of the prevalence of introgression among taxa; and (3) objectively assess the efficacy of mtDNA barcoding for delimiting taxa from first principles.
Total genomic DNA was extracted using a chelexbased procedure (Walsh et al. 1991) . Following an initial trial of three mitochondrial genes (ATPase, CR, and cytb) on a panel of 25 ingroup and outgroup tissues, cytb was chosen as the most reliable of these equally informative mtDNA markers. The cytb region was amplified in a 25 L polymerase chain reaction (PCR) containing 20-100 ng template DNA, 1x PCR buffer, 2.5 mM MgCl2, 0.2 mM each dNTP, 0.2 M of primers CytB Glu 5'-GAAAAACCACCGTTGTTATTCA-3' and CytB Thr 5'-CGACTTCCGGATTACAAGACT-3' (Waters et al. 2001) , and 0.5 units Taq polymerase (Bioline Red Taq). The PCR cycling conditions were as follows: 95
• C for 3min, followed by 32 cycles of 95
• C for 30s, 55
• C for 30s, and 72
• C for 90s, and a final extension of 72 • C for 5min.
All reactions were run on an Eppendorf Mastercycler 5333 version 2.30 thermal cycler. PCR products were purified using a standard polyethylene glycol procedure (Sambrook and Russell 2001) . Purified DNA was dried, resuspended in 15 L TLE buffer (1 mM Tris, 10 mM EDTA), and sent to Macrogen (Seoul, Korea), for sequencing on an ABI automated sequencer. Sequence data were edited and aligned using CLUSTAL X (Thompson et al. 1997) in the program Geneious Pro 3.8.2 (Biomatters Ltd). The final data set comprised 557 sequences for 605 bp of cytb, plus single sequences for each of six outgroup species from southeastern Australia, namely G. parvus (the likely sister lineage to G. "olidus"; Burridge et al. 2012), G. brevipinnis, G. fontanus, G. maculatus, G. robustus, and G. truttaceus . Following the conclusions of Srivathsan and Meier (2011) that p-distances are more appropriate than K2P distances for DNA barcoding studies, we used MEGA 5.10 (Tamura et al. 2011 ) to generate a NJ tree (bootstrapped 1000 times) for all unique haplotypes. To ensure that this barcoding analysis was not concealing useful phylogenetic information, we also undertook a full maximum-likelihood phylogenetic analysis, following the methodologies used by Unmack et al. (2012) .
RESULTS

Allozyme Delineation of Candidate Species
The final allozyme data set comprised 838 individuals, collected from 350 sites and genotyped at 54 putative allozyme loci. Overall, more than 40 PCoAs, each requiring an associated assessment of allozyme diagnosability for the groups evident therein, were undertaken on the composite and pure groups or subgroups diagnosed by the stepwise PCoA procedure. Here we present a small but representative subset of these PCoAs (Fig. 3; Figs. S3-S5 ) plus a summary table of the final candidate species identified by these analyses and the pairwise number of diagnostic allozyme loci among them (Table 2 ).
An initial PCoA on all individuals (labeled for convenience according to their final taxon assignment) revealed three distinctive genetic groups (Fig. 3) ultimately shown to correspond to one "pure" taxon (taxon OR; no evidence of diagnosable subgroups in the follow-up PCoA), one composite group (Grp1; follow-up PCoA presented in Supplementary Fig. S3 ), and a group of three individuals whose genotypes and geographic location were consistent with a recent hybrid ancestry between taxon OR and taxon OL. These three putative "hybrids" and a further seven individuals that displayed evidence of hybrid ancestry under all three criteria (i.e., intermediate PCoA position, genotypic consistency for key diagnostic loci, a geographic overlap or adjacency of putative parental taxa) were excluded from subsequent analyses. Two follow-up PCoAs are also presented, one demonstrating the diagnosability of the two taxa FU and RF that comprised composite group Grp2 and the second presenting a regional assessment of taxon KO versus taxon OL and a single admixed site (Supplementary Figs. S4 and S5, respectively) .
A total of 15 diagnosable taxa were defined through the application of stepwise PCoA to our allozyme data set (allele frequency data presented in Supplementary  Table S2 ). As shown in Table 2 , each taxon was diagnosable from all others at a minimum of two allozyme loci (mean = 9.2; range 2-17), with most diagnosable at multiple loci (95% of values ≥4; 90% of values ≥6). An unrooted NJ network depicting the genetic relationships among these 15 taxa (Fig. 4) revealed little evidence of any correlation between the genetic affinities of allopatric taxa and their geographic proximity to one another (Fig. 5) .
Morphological Assessments of the Taxonomic Validity of
Candidate Species Two comprehensive data sets were generated and used as the primary means for assessing the taxonomic distinctiveness of the 15 taxa identified by allozyme analysis. As expected given its current taxonomic status as a single species, neither of the two "all taxa" PCAs on the morphometric (1963 individuals for 27 characters; . PCoA of all 838 individuals genotyped in the allozyme study. The relative PCoA scores have been plotted for the first (X-axis) and second (Y-axis) dimensions, which individually explained 19% and 11%, respectively, of the total multivariate variation present in 837 dimensions. Individuals are labeled according to their ultimate taxon identification, using the symbols indicated. The number of points is <838 because many individuals had identical PCoA scores in the first two dimensions. Envelope legend: thick dashed line = group subsequently found to include multiple taxa in follow-up PCoAs; thick solid line = no evidence of multiple taxa in a follow-up PCoA; thin dashed line = PCoA position and allozyme profiles consistent with a hybrid ancestry between the nominated taxa.
among the individual taxa identified by the allozyme analyses (see example in Supplementary Fig. S6 ).
The results of pairwise comparisons for our two primary data sets and for the secondary data set comprising 12 additional morphological features are summarized in Table 2 . All 105 pairwise multivariate analyses (PCA alone if taxa were fully defined, otherwise DFA) of the morphometric data proved capable of diagnosing the 15 taxa from one another under the criteria employed. Moreover, all but three pairwise multivariate analyses of the meristic data were also indicative of these taxa being morphologically diagnosable, with even these three "failures" being only marginally below our DFA threshold of 80% (Table 2) . After combining all allozyme and morphological "characters" (conservatively counting the morphometric and meristic analyses as one "super-character" each), the mean number of characters found to differentiate these 15 taxa was 13.1 (range 4-23; Supplementary Table S3) . Most importantly, all taxa were diagnosable by a suite of individual morphological characters (Raadik 2011) , ensuring that all merit recognition as valid biological (in sympatry) or evolutionary (in allopatry) species. Our current understanding of the geographic distribution of these 15 candidate species is depicted in Figure 5 .
MtDNA Barcoding
While our cytb barcoding data set encompassed fewer individuals than were represented in the allozyme data set (n = 557 vs. n = 838), the two molecular analyses were similar in terms of geographic coverage (337 vs. 350 sites, with substantial overlap; Supplementary Table S1). A total of 271 unique haplotypes were identified for the ingroup, reflecting variation at 206 (161 parsimony informative) of the 605 bp sequenced. All ingroup and outgroup haplotype sequences have been deposited in GenBank (accession numbers KJ511493-KJ511763 for ingroup haplotypes 1-271 and KJ511764-KJ511769 for the six outgroup haplotypes), and the sequence alignment has been deposited in both Dryad (http://dx.doi.org/10.5061/dryad.tk043) and TreeBase (http://purl.org/phylo/treebase/phylows/ study/TB2:S15464). Pairwise p-distances among ingroup haplotypes ranged from 0.002 to 0.076 (mean = 0.031), compared to the minimum ingroup-outgroup distance of 0.141 (range 0.141-0.196), and the minimum distance among outgroup species of 0.081 between G. maculatus and G. rostratus.
A NJ tree among these 271 haplotypes, rooted using the six outgroup species, is presented in Figure 7 . Only a handful of well-supported clades were evident, with most defining terminal or shallow nodes. Importantly, none of the putative taxa defined by any of the various barcoding procedures used in the literature (van Velzen et al. 2012 ) corresponded with species diagnosed by multiple allozyme and morphological characters. This lack of concordance was particularly evident in the six most widespread species (BA, FU, GE, OL, OR, and RF; Fig. 5 ), most of which harbored haplotypes spread throughout the shallower portion of the tree, and all of which shared haplotypes with other sympatric or proximately distributed species (Fig. 7) . The lower triangle presents the number of fixed allozyme differences (shown as A n ), followed by a summary outcome of the multivariate analyses of the morphometric data (P = no taxon overlap in scatterplot based on the first two PCA dimensions; D x% = percentage of individuals correctly allocated to taxon in a full DFA of all individuals; Dr x% = percentage of individuals correctly allocated to taxon in a DFA of all individuals found within the same or abutting catchments. The upper triangle presents the number of diagnostic features evident among the 12 "supplementary morphological characters" (shown as S n ), followed by a summary outcome of the multivariate analyses of the meristic data (format as for the morphological data above). a Percentage discrimination below threshold adopted for this study.
Not surprisingly, given the low levels of sequence divergence amongst haplotypes, the maximumlikelihood tree (not presented, but available from TreeBase; http://purl.org/phylo/treebase/phylows/ study/TB2:S15464) was also not able to delineate species from first principles, nor did it provide any strong phylogenetic support for any node not also supported in the barcoding analysis. Despite their failure to identify candidate species from first principles, both DNA barcoding and maximum-likelihood phylogenetic analysis nevertheless did provide some hindsight support for most of the nine candidate species represented by only a single site or river basin (AR, DA, KO, JI, RI, RO, SH, ST, and TA; Fig. 5 ). With one exception (KO), species-restricted haplotypes clustered together (albeit often without bootstrap support) to the exclusion of haplotypes found in other species, and most of these lineages were relatively basal in the overall tree. In addition, both barcoding and the maximum-likelihood tree also identified two quite distinctive mtDNA lineages in sympatry at several sites in the Hunter catchment (average p-distance between-lineages = 0.053 vs. average within-lineage values of 0.005 and 0.013; haplotypes identified in Fig. 7) , for a selection of ethanol-only tissues (i.e., no companion allozyme or morphological data). This raises the possibility that yet another, geographically restricted taxon may be present in this catchment (location shown by the asterisk in Fig. 5 ) in addition to the widespread species OL (as found in other catchments for the narrow-range endemics DA, JI, KO, and TA).
DISCUSSION
Several recent and prominent HMS assessments have concluded that a considerable proportion of the planet's species has already been "discovered" and named (often multiple times; see later discussion on the issue of synonymy). This perspective is perhaps best illustrated by quoting some of these authors e.g., " …. recent analyses indicate that we may already have named one to two-thirds of all species." (Costello et al. 2013) ; "If the current trend [of species discovery] continues, most [marine] species will be discovered this century." (Appeltans et al. 2012) ; "We predict that there may be 1.8-2.0 million species on Earth, of which about 0.3 million are marine, significantly less than some previous estimates." . Importantly, these optimistic assessments of the extent of our taxonomic knowledge either completely ignore the issue of cryptic species or briefly present it as a minor encumbrance. However, when the real species counts for taxonomically well-studied "species" (based on comparisons across all eukaryotes, as per Fig. 1 ) in groups where our state of taxonomic knowledge is considered by most to be near-complete (e.g., an estimated ∼78% of vertebrates and ∼79% of fish have been described, Chapman 2009; Scheffers et al. 2012) can be off by at least 1500%, as is the case for mountain galaxias, there is a clear need to formally consider whether such hyper-cryptic species are a rare phenomenon or the tip of a taxonomic iceberg.
Our intensive molecular and morphological revision of G. olidus s.l. revealed it to be a hyper-cryptic complex of at least 15 genetically and morphologically diagnosable species, all valid under multiple species concepts. Moreover, the high proportion of narrowrange endemics discovered (9 of 15), suggests two obvious caveats concerning the levels of cryptic biodiversity detected. First, it is not unlikely that further intensive sampling in other peripheral catchments or in remote streams and headwaters of already-sampled catchments would turn up additional taxa (or would have in the past, before the introduction of salmonids, which are highly efficient predators of non-migratory, upland galaxiids; McDowall 2006). Indeed, mtDNA barcoding suggests this may be the case in the Hunter River (Figs. 5 and 7) . Second, a less intensive field survey of ∼150 sites (∼43% of the number sampled herein but still a relatively intensive study) would likely have sampled <50% of these new species.
Both of the above caveats are important practical reminders of another key but under-addressed principle in the HMS debate, namely that a considerable proportion of species are rare, both in the wild (Scheffers et al. 2012 ) and as represented in museum collections (Lim et al. 2012) . Therefore, the relationship between collecting effort and number of new species sampled must be highly non-linear, and indeed has been shown to be so (Lim et al. 2012 ). This simple reality alone is enough to demonstrate that HMS assessments ought not to rely heavily on the "estimating the asymptote" approach that has been at the core of many recent assessments. Moreover, our hypothesis that hyper-cryptic complexes are common throughout most organismal groups adds further weight to this conclusion. This is because the "degree of difficulty" in discovering new species is likely to increase as species counts approach an asymptote within any group. Once all the "easy to diagnose" morphospecies have been discovered, a higher proportion of the remaining undiscovered species will be, by definition, cryptic to a priori morphological diagnosis. Thus, diagnosing these species will require considerable extra effort to (1) comprehensively collect tissues and companion vouchers; (2) generate companion data sets of multilocus genotypes; and (3) where additional candidate species are present, assess whether they are genuinely cryptic or only apparently so (as in the G. olidus s.l. complex).
Many HMS assessments have rightly discussed the problem of synonymy that is, where two or more taxonomic names have been applied to a single species. Typical estimates for the extent of synonymy are >20% across all species ) and up to 70% in some organismal groups (Scheffers et al. 2012 ). While we have no quarrel with such assessments nor with the rationale per se, we believe that future estimates should also consider the flip side of synonymy, as revealed by our data for G. olidus s.l. Here, eight taxonomic names were synonymized under the one species by an expert taxonomic assessment (McDowall and Frankenberg 1981) , an appropriate decision when only morphological data were available, but inappropriate with the benefit of genetic and morphological hindsight. The clear message is that just because "species" have been or should be synonymized based on morphological criteria alone, does not guarantee that any such species will not prove to be a cryptic or hyper-cryptic complex in the future. Indeed, we suggest that such "species" may even be a sensible starting point to search for cryptic biodiversity in many "higher" organisms (e.g., Welton et al. 2013 ). Our detailed revision of mountain galaxias also highlights some of the reasons why documenting cryptic biodiversity has major implications beyond the purview of global biodiversity assessment. Prior to this study, mountain galaxias were thought by most researchers to comprise one narrowly distributed, endangered, and alien trout-impacted species (G. fuscus; herein species FU) and one very widespread (and therefore presumably vagile) and resilient (i.e., able to subsist alongside trout) species (all other populations; Allen et al. 2002) . Instead, the true pattern is almost the exact opposite. The majority of the "new" species occur as narrow-range endemics, and nine of these (AR, DA, JI, KO, RI, RO, SH, ST, and TA) are considered more vulnerable than G. fuscus (Raadik 2011; DSE 2013) , as each occurs only at 1-2 locations and all are trout-impacted, to the point where wildlife managers are now actively attempting to lessen the threat of extinction (Raadik 2013) . Furthermore, only four species (BA, FU, OL, and OR) show any genetic evidence of contemporary dispersal across catchments ( Fig. 7 ; allozyme analyses not shown), and only OL and OR appear to fit the ecological profile previously attributed to the widespread "species" (Raadik 2011 ). Examples of how perspectives change following the realization that a presumed widespread species is actually a hypercryptic complex are known in many applied disciplines, such as conservation biology (Murphy et al. 2013) , environmental monitoring (Sharley et al. 2004) , public health (White et al. 2011) , pest management (Gauthier 2010) , and applied ecology (Georgieva et al. 2013 ). Many of these changes in perspective also have obvious conservation implications for any new, narrow-range species previously considered part of a hyper-cryptic complex, beginning with the obvious need to assess its conservation status (Murphy et al. 2013 ).
An important question to ask here is how common are hyper-cryptic species? Clearly, we cannot know until molecular frameworks involving multi-locus nDNA markers are available for a wide range of groups. However, even a superficial glance at the literature reveals definitive or likely instances of hyper-cryptic species across almost all organismal groups e.g., mammals (Aplin et al. 2011; Nicolas et al. 2012) , reptiles (Oliver et al. 2009; Brown et al. 2012) , amphibians (Fouquet et al. 2007; Funk et al. 2012 ), other fish (Niemiller et al. 2011; Cooke et al. 2012) , including other galaxiids (Wishart et al. 2006 ), echinoderms (O'Loughlin et al. 2011 , arthropods (Alquezar et al. 2010; Porco et al. 2012; Lee et al. 2013; Miller et al. 2013) , molluscs (Vrijenhoek 2009; Puillandre et al. 2012) , onychophorans (Ruhberg and Daniels 2013) , helminths (Baverstock et al. 1985; Poulin 2011) , rotifers (Leasi et al. 2013) , fungi (O'Brien et al. 2005; Smith et al. 2011; Hawksworth 2012) , plants (Grundt et al. 2006; Jolles and Wolfe 2012; Medina et al. 2012) , photosynthetic protists (Fraser et al. 2013) , other eukaryotic protists ( (Adams et al., 1989) ; (Xu et al., 2012) ; (Tarcz et al., 2013) ), and bacteria (Koeppel et al. 2008; Clermont et al. 2011; Serkebaeva et al. 2013 ). Such ubiquity across groups further argues the need for future HMS assessments to consider this phenomenon as part of formally estimating levels of overall cryptic biodiversity. Most importantly, this need exists independently of whatever threshold is used to define a complex as hyper-cryptic.
While all candidate species in the mountain galaxias complex are obviously closely related species that diverged relatively recently in evolutionary time (Fig. 7) , it does not necessarily follow that most hypercryptic complexes will follow this pattern. As just one of many vertebrate examples, the hyper-cryptic Australian gecko Crenadactylus ocellatus has recently been shown to comprise at least 12 candidate species (with additions likely in the biodiverse north-western region), many of which diverged in the mid-to lateMiocene (Oliver et al. 2010; Oliver et al. 2012 ). This alternate scenario for the evolutionary relatedness of hyper-cryptic congeners is likely to be even more common among the "less specialized" eukaryotes and among prokaryotes. For example, preliminary molecular studies of Trichoplax adhaerens, the only described species in the supposedly monotypic phylum Placozoa, have concluded it may comprise as many as ∼200 morphologically indistinguishable species, some displaying levels of genetic divergence comparable to those found between different families within other basal metazoan phyla (Eitel et al. 2013) .
It is becoming increasingly evident that single-gene barcoding cannot serve as a stand-alone panacea for taxonomic discovery (Dupuis et al. 2012; Taylor and Harris 2012) , let alone define candidate species in hypercryptic complexes involving closely related species plus sporadic hybridization and introgression (as appears to have occurred in the G. olidus complex; Figs. 3 and 7). Thus all future detailed exploration of such complexes will require multi-locus nuclear genetic data, and increasingly those generated by various nextgeneration DNA technologies (Harrison and Kidner 2011; Lemmon and Lemmon 2013) . As inferred by our study, such data sets may need to encompass dozens or even hundreds of independent genetic markers to accurately diagnose all sampled species. Here we surveyed >100 potential taxonomic characters in G. olidus s.l. to find a sufficient number of concordant diagnostic characters to define species, equating to success rates of ∼4-25% per character, depending on the species pair being diagnosed. Fortunately, and unlike the more "traditional" data sets presented herein, such next-generation DNA data sets will likely be able to both diagnose species and robustly assess their true phylogenetic relationships (McCormack et al. 2013) .
A Different Perspective on "Where are all the new species?"
Of course there are many uncataloged species that have never been collected, perhaps because they live deep in the benthos, high atop a rainforest tree, or (perhaps just as likely) survive as a rare, range-restricted species in a more conventional habitat (Stork et al. VOL. 63 2008) . However, the stark and unappealing reality is that a good proportion of them are either in museum collections awaiting companion molecular data or have yet to be vouchered because they have been assigned by default to existing, already-cataloged species. Both such scenarios were realities for G. olidus s.l. prior to this study and both remain a possibility for this complex into the future. Given that discovering "new" species under either scenario requires further targeted collecting of specimens and companion tissues for molecular analysis, it is imperative that field researchers continue to collect and lodge such material with an appropriate museum, even for groups thought to be blessed with taxonomic stability.
CONCLUSIONS
In addition to reinforcing our contention that all future HMS assessments should explicitly factor in estimates of cryptic and hyper-cryptic biodiversity, we believe the present study offers up six important lessons for the overall debate. First, even comparatively wellstudied species in relatively charismatic groups can be hyper-cryptic complexes. Second, cryptic biodiversity is theoretically possible for any species that has been defined solely on morphological criteria. Third, nuclear genetic data sets, reflecting multiple "goldilocks" genes (i.e., not too variable, not too conservative) and codominant alleles, are required to truly assess whether a species is likely to harbor cryptic taxa. Fourth, while single-gene barcoding may assist in this process, it can never substitute for it. Fifth, additional genetic markers are required when a hyper-cryptic complex involves sibling species (i.e., sister species, sensu Bickford et al. 2007) , particularly if there has been some hybridization and introgression. Finally, the ultimate and crucial taxonomic outcome of diagnosing candidate species (or concluding that they cannot be diagnosed morphologically) requires considerable intensive effort in two key traditional and labor-intensive components of taxonomic endeavor that is, targeted collecting of vouchers, and detailed morphological analyses; in other words, there are no short-cuts to reach the final taxonomic outcome. While a daunting prospect to some, we hope that others will be inspired by the magnitude and intellectual challenge of the task ahead.
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